The brushless DC motor (BLDCM) has many advantages. As a result, it is widely used in electric vehicle (EV) drive systems. To improve the reliability of the motor control system, a position sensorless control strategy based on a sliding mode observer (SMO) is proposed. The global fast terminal sliding mode observer (GFTSMO) is proposed to enhance the control performance of the SMO control system. The advantages of the linear sliding mode and the nonsingular terminal sliding mode (NTSM) are combined in the control strategy. The convergence speed of the system state is enhanced. The motor commutation point is obtained with the observation of the back EMF, and the instantaneous torque value of the motor is calculated. Therefore, the position sensorless control of the BLDCM is realized. Experimental results show that the proposed control strategy can improve the convergence speed, dynamic characteristics and robustness of the system.
I. INTRODUCTION
The brushless DC motor (BLDCM) has many advantages, such as high power density, high efficiency and good speed regulation performance. It is suitable for driving in electric vehicles (EV) [1] - [3] . The exact rotor position in conventional BLDCM commutation and regulation is obtained with a mechanical position sensor. However, the mechanical position sensor decreases the reliability and increases the cost and volume of the system. Therefore, the study of position sensorless control of BLDCMs has become a focus of academic research [4] , [5] .
Nowadays, there have been many research achievements in the study of the rotor position and the speed estimation. The methods include the back EMF method, the third harmonic EMF method and the observer method [6] - [8] . The detection circuits and the DC bus voltage midpoint are adopted to reconstruct the motor neutral point in the back EMF method. A filter circuit and a voltage comparison circuit are required. The back EMF zero-crossing point signal and commutation tends to have a delay. The cost of the hardware increases while the system stability decreases. The third harmonic EMF method is only suitable for the motors with fixed winding inductance parameters, larger third harmonic component of the magnetic field and larger harmonic winding coefficient. A new system is constructed with the observer method. The inputs of the observer are measureable variables. The output signals are equivalent to the state of the original system under certain conditions. There are good characteristics of stability and robustness in the observer method. It has wide range applications. Observer methods include the full-order state observer, the Kalman filter observer and the sliding mode observer (SMO). Compared to the other observers, the SMO has low requirements of the accuracy of the mathematical model of the system. It has good robustness to system parameter perturbations and external disturbances [9] - [11] .
The SMO can obtain the state of the uncertain object. The disturbance value of the object model can also be obtained with the SMO. The BLDCM control system will obtain good control performance if the SMO is applied. However, the chattering phenomenon will occur if using the conventional SMO [12] . The equivalent control cannot be directly obtained. An additional low-pass filter is required. An additional low-pass filter with adjustable frequency was designed according to the observation value in [13] . The chattering phenomenon was reduced. An adaptive filter based on the Kalman filter structure was designed in [14] . The continuous back EMF value was extracted from the switch signal. However, the phase delay of the observed value and the reduction of estimation accuracy were caused due to the filter. The usual solution is to compensate the phase delay of the equivalent control. However, it is difficult to compensate accurately. The effect on the phase delay of the estimated value cannot be eliminated completely.
The SMO include the linear sliding mode, the terminal sliding mode, the fast terminal sliding mode and the nonsingular terminal sliding mode (NTSM). The deviation between the system state and the given trajectory in linear sliding mode will asymptotic converge exponentially. It means that the system state will approach to the given trajectory continuously, but it will never reach the given trajectory. The terminal sliding mode control strategy was proposed in [15] . The nonlinear function was introduced to the sliding mode surface. The tracking error converged to the balance point in finite time. In [16] , a continuous dynamic sliding mode control method was proposed for high-order mismatched disturbance attenuation in motion control systems using a high-order sliding mode differentiator. This method exhibits promising control performance in the presence of high-order matched and mismatched disturbances. The nonsingular terminal sliding mode controller was discussed in [17] . It was applied in robot control. A continuous nonsingular terminal sliding mode control approach was proposed for mismatched disturbance attenuation in [18] . The time taken to reach the desired set point from any initial state was guaranteed to be finite. A fast sliding surface was proposed in [19] . It converged faster to the equilibrium point, which drove the system state converge to the given trajectory in finite time. The control singular region is avoided directly in the design of the sliding mode control. In addition, the convergence property of terminal sliding mode in finite time is retained.
In view of the above problem, combining the advantages of the nonsingular terminal sliding mode and the high order sliding mode (HOSM), a BLDCM back EMF observer method based on a global fast terminal sliding mode observer (GFTSMO) is proposed in this paper. The nonsingular terminal sliding mode is designed to guarantee the system state convergence in finite time and global stability of the observer. The high order sliding mode control law of the observer is designed. The chattering of the SMO is eliminated effectively. The robustness of the observer is retained. Combined with the instantaneous torque control method, the torque ripple due to non-ideal back EMF and stator windings commutation was reduced. The effectiveness of the proposed method is verified by experimental results. This paper is organized as follows. Back EMF estimation based on the conventional SMO is reviewed in Section II. To optimize the speed convergence performance, the global fast terminal sliding mode observer is presented in Section III.
Experimental results and analysis are illustrated in Section IV. Some conclusions are given in Section V.
II. BACK EMF ESTIMATION BASED ON THE CONVENTIONAL SMO
For a BLDCM with non-sinusoidal back EMF waveform, the voltage equation can be expressed as:
The state equation of the BLDCM can be expressed as: 
is the stator winding resistance.
e e e ξ = is the stator back EMF vector.
is the stator terminal voltage.
The electromagnetic torque can be expressed as [20, 21 ] :
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Where  is the motor rotor speed. e a , e b , e c is the motor back EMF; i a , i b , i c is the motor stator current; and e xy is the difference of the back EMF.
According to the state equation of the BLDCM in equation (2), the conventional SMO is constructed as follows:
are the estimated stator current signals.
is the input vector of the observer.
Subtracting equation (2) from equation (4), the observer of the stator current error can be obtained:
Where s error moves along the sliding mode surface to the system equilibrium point with the effect of the sliding mode control, namely it converges to the zero point along the sliding mode surface. When the stator current error moves to the original point of the phase plane origin, s
The value of the back EMF can be calculated according to the observer in equation (5). Therefore, the motor speed and commutation position information can be obtained. The estimation of the motor speed and position is achieved. The nonsingular terminal SMO surface is designed as follows: 
The control law is designed as follows:
with:
When the system is in the high-order sliding mode, the dynamic system satisfies s 
The motor speed is estimated with commutation signals. The period of the commutation cycle is the time of the motor rotation cycle. If the commutation period is t  , the motor speed can be obtained
The structure of the nonsingular terminal SMO is shown in Fig. 1 . Compared with the conventional linear SMO, the nonsingular terminal SMO can drive the control system converge to the desired trajectory in finite time. The convergence speed is fast when the system state is near the equilibrium point. However, when the system state is far away from the equilibrium point, the convergence speed becomes slower and the dynamic performance becomes worse [23] - [25] .
III. BACK EMF ESTIMATION BASED ON GFTSMO
The convergence speed of the nonsingular terminal SMO is slower when the system state is far away from the equilibrium point. The convergence speed performance should be optimized to make the control system have better tracking accuracy and transient performance. A global fast terminal sliding mode observer is proposed in this paper. The sliding surface is designed as follows:
, 1
The stator current error system can be made to converge to zero in finite time. If the SMO surface is designed as equation (12), the control law is designed as follows:
As shown in equation (13) , the sliding mode surface of the GFTSMO consists of a linear sliding mode and a nonsingular terminal sliding mode. When the system state is far away from the equilibrium point (| X |>1), 1
, σ is a constant number larger than 1, 1<p/q<2, the linear sliding mode takes more effect than that of the nonsingular terminal sliding mode. As the convergence speed of the linear sliding mode is fast when it is far away from the equilibrium point, the system state convergence speed is improved. When the system state is near the equilibrium point (
is a constant number larger than 1. The power function of the system state is introduced as the coefficient of the linear sliding mode. The coefficient decreases exponentially with the decrease of the state variable. The effect of the linear sliding mode function decreases gradually while the effect of the nonsingular terminal sliding mode increases. The convergence speed is enhanced when the system state is near the equilibrium point. The singularity problem is solved. Thus, the whole system has the advantages of global fast convergence. The convergence speed of the two kinds of SMO can be seen visually with the simulation comparison. Using a typical linear system is as an example, the state equation is as follows:
The initial states 10 x  (far away from the equilibrium point) and 0.5 x  (near the equilibrium point) were selected. Simulations were carried out under the above two different conditions. The performances with the conventional SMO and the GFTSMO were compared. The simulation results are shown as follows.
As can be seen from Fig. 2 , the initial system state is far away from the equilibrium point. If the conventional SMO is used, it will take 1.9s converge to the equilibrium point. If the proposed SMO is used, it will take 0.6s. It can be seen that the convergence speed is improved greatly. As shown in Fig.  3 , the initial state is near the equilibrium point. If the conventional SMO is used, the time converge to the equilibrium point is about 0.8s. When the proposed SMO is adopted, the time converge to the equilibrium point is 0.5s. The convergence characteristic of the proposed SMO is better than that of the conventional SMO.
In conclusion, compared with the conventional SMO, the proposed SMO can improve the convergence speed of the system state. Rapid global convergence is achieved.
To verify the stability of the proposed global fast terminal sliding mode control method, considering the following Lyapunov function:
Differentiate V : 
According to (11) and (14)- (16), the following equation can be obtained:
Therefore: 
Where
Because 1 / 2 p q   , and , p q are odd numbers,
Convergence time calculation:
The time from (0) 0 with the parameters γ, p and q.
The value of the back EMF can be observed by equation (11) . The zero crossing point of the line back EMF is the commutation point of the BLDCM. The structure of the GFTSMO is shown in Fig. 4 .
IV. EXPERIMENT RESULTS AND ANALYSIS
An experiment was carried out with the BLDCM control system to validate the feasibility of the proposed method. An experimental platform with a TI control chip TMS320F28035 was built. It consists of a switching logic module, a current sampling module, a power supply module and a BLDCM. The experimental control system structure diagram and real photo are shown in Fig. 5 . The BLDCM parameters are as following: the rated power is 3kW, the rated voltage is 150V, the rated speed is 3000r/min, the stator resistance is 0.26 Ω, and the stator inductance is 2.5mH. The parameters of the GFTSMO are as following: p = 9, q = 7, and the actual Hall position. When the proposed control method is adopted, the error decreases significantly. The rotor position can be traced effectively at low or high speed. There is more accuracy in the commutation position estimation of the proposed method when compared with that of the conventional method.
The torque and three phase current waveforms of the motor at the speed of 400r/min, 3000r/min are shown in Fig. 8-9 , respectively. There is some error between the estimated commutation point and the actual Hall position when both methods are adopted. The error is large when the conventional method is used. The commutation point lags behind the actual position. The current of the three phase is not smooth, and the motor torque ripples are relatively large. However, when the proposed method is used, the position error is smaller when compared to that of the conventional method. Therefore, the motor current is smooth, and the motor torque ripple decreases. The experimental results demonstrate that the proposed method can reduce the motor torque ripple effectively.
Dynamic performance experiments of the BLDCM with both methods are carried out. The motor speed changes from 800r/min to 3000 r/min. The transient process is shown in Fig.  10 . As can be seen, when using the conventional method, the motor reaches the reference speed in 450ms, the phase current waveform is not good, and the motor torque ripple is large. When the proposed method is used, the time that reaches the reference speed is the same as above. However, the waveforms of the current and the torque waveform are significantly better than those of the conventional method.
The error between the estimated commutation point and the actual Hall position is large when the conventional method is used. The commutation point lags behind the actual position. Therefore, with the same load, the current ripple is large. As is shown in Fig. 10(a) , the peak of the phase current is larger than that with the proposed method. The good dynamic performance with the proposed method is validated by the experiments. The chattering phenomenon of the motor can be reduced. The torque response waveform is shown in Fig. 11 . The load is changed from 2N*m to 4N*m at the speed of 400r /min. The torque waveform with the conventional control method is shown in Fig. 11 (a) . It can be seen that the dynamic time is 50ms, there is a certain overshoot of the torque and some fluctuation of the torque in the static moment. If the proposed method is adopted, the dynamic time is also about 50ms. There is less overshoot in the torque and less fluctuation of the torque in the static moment. The experiments show that the convergence speed with the proposed method is faster than that with conventional method.
V. CONCLUSION
To achieve a position sensorless control system for the BLDCM of electric vehicles, a global fast terminal SMO is established. To enhance the convergence speed of the SMO and to realize better tracking precision and control performance, the nonsingular terminal SMO and the high order SMO are combined. It makes the whole system have the advantages of global fast convergence. The experiments results showed that the proposed control method can realize commutation control without a position sensor. It has a fast dynamic response and can reduce the chattering phenomenon. The convergence speed is fast when the torque changes. The proposed method has improved robustness and can reduce the torque ripple.
